In this paper, we analyze a single-stage and single-item inventory control system with non-stationary demand and uncertain system parameters. We propose two extensions of a previous work on the dynamic reorder point policy (the (rk, Q) policy [2] ). In the first extension, we include three types of uncertainties pertaining to the demand uncertainty, the lead time uncertainty, and the yield uncertainty. We study the impact of these uncertainties on the (rk, Q) policy and we provide an approximation of the optimal parameters of the policy using a sequential approach under a cycle service level constraint. The approximative parameters obtained in this paper are good ones for small values of the variability of uncertainties. In the second extension, we focus on the demand uncertainty. We determine the optimal parameters of the (rk, Q) policy using a sequential approach under a fill rate service level constraint. In the two extensions, we focus on the safety stock parameter and we propose a method to compute it.
INTRODUCTION
There is an abundant literature on inventory control policies which extends since the 30's. The most known policies are the reorder point policy, called also as the (r, Q) policy and the order-up-to-level policy, called as the (S, T) policy. Several other alternatives of these policies are developed such as the (s, S) policy, the (T, r, Q) policy and the (T, r, S) policy. Most of the models given in the literature to analyze these policies assumes a stationary demand and a cycle service level. Note that these policies are static, i.e. their parameters are constant over time. For more details on these policies, the reader is referred to [8] and [10] . There is also some literature that studies dynamic inventory control policies based on the investigations of [4] and [6] . However, this literature is interested in optimal inventory control policies that are not easy for implementation.
In earlier papers [1] and [2] , we proposed a dynamic reorder point policy for a non stationary demand, namely, the (rk, Q) policy. The parameters of this policy are determined using a sequential approach which means that the value of the ordering quantity Q is computed ignoring the impact upon it of the reorder point rk. Indeed, the ordering quantity is independent of uncertainties, whereas the reorder point takes into account the impact of the uncertainties by the mean of a safety parameter. To determine the safety parameter, a cycle service level approach is used which means that we impose, at each cycle (time period between two successive orders), that the probability of not having a stockout is higher than a target cycle service level. Our proposed policy in these investigations includes only the uncertainty associated with demand.
In real inventory control systems, besides the randomness related to demand forecasts, several other types of randomness may exist. For example, randomness in the replenishment process, randomness related to product quality, randomness due to the unreliability of suppliers, etc. These -4244-0451-7/06/$20.00 ©2006 IEEE randomness implies several uncertainties in the system, such as the lead time uncertainty and the yield uncertainty. Therefore, in order to guarantee a better service level, the computation of the parameters of the control policy have to take into account these uncertainties. There is an extensive literature that studies inventory policies by considering the yield uncertainty [3] , [5] , [7] and [9] . There is also much work that studies inventory systems under the lead time uncertainty [8] and [10] . However, we remark that in these works the impact of each uncertainty on the policy parameters is analyzed separately and most of the results are given for a stationary demand and static policies. This has motivated us to extend our results concerning the (rk, Q) policy by including yield and lead time uncertainties.
We also remark that most of the work on dynamic inventory control policies considers a cycle service level to compute the parameters of the policies. So, we extend results provided in [2] by considering a fill rate service level which is amongst the most useful measure of service in inventory control systems. This paper is organized as follows: in Section 2, we describe the system and the assumptions we consider. In Section 3, we briefly recall the principle and the parameters of the (rk, Q) policy. We study the impact of uncertainties on the parameters of the policy and we provide the optimal parameters by considering the three uncertainties simultaneously and a cycle service level. In Section 4, we provide the optimal parameters of the (rk, Q) policy for a fill rate service level. The conclusions are given in Section 5.
SYSTEM DESCRIPTION AND ASSUMPTIONS
We consider a single-stage and single-item inventory system with a non-stationary demand. The system is not capacitated and the inventory replenishment requires a leadtime L, as represented in Fig. 1 .
We assume that demand is known by means of uncertain forecasts, i.e. forecasts and forecast uncertainties are given for each forecast period. We also assume that Forecast Uncertainties (FU) are independent and identically normally distributed over all the periods of the horizon of forecasts with parameters (0, CFU). We also consider that the forecast uncertainty is additive, i.e. at each period, the probability distribution of FU is independent of the forecast. For more details on other type of forecast uncertainty models, the reader is referred to [1] .
The replenishment lead time L is random. Since, we consider a discrete time control system, we assume that L is a random variable with a discrete probability distribution.
The lead time L takes a value Li with a probability Pi (i.e. P(L = Li) = Pi).
We consider that the supplier is not reliable which implies a yield uncertainty, i.e. if a quantity Q is ordered to replenish the stock, the received quantity Qr is a function of the quantity Q and the yield uncertainty EQ, and is expressed as follows: Qr = Q+EQ (i.e. additive uncertainty model). We assume that the yield uncertainty is also normally distributed with parameters (mEQ, cTEQ).
We also consider these notations: only the forecasted demand is uncertain, the reorder point rk is equal to the cumulative forecasts over L + 1 periods plus the safety stock necessary to cover the forecast uncertainty with the cycle service level. The safety stock SSk is equal to the maximal cumulative forecast uncertainty over the protection interval which is equal to L + 1 periods. The reorder point is given by: L+1 rk 1+j_l + Ss* where:
The quantity Q can be computed by using the Wilson's formula, as follows:
More details on this policy and their parameters are given in [1] and [2] .
In the following, we study the impact of each uncertainty on the (rk, Q) policy. The optimal parameters under demand, yield and lead time uncertainties are given in Section 3.3.
Impact of the yield uncertainty
Here, we consider that there is a yield uncertainty in the system, i.e. when a quantity Q is ordered, the received quantity is random. As shown in Fig. 3 , a small yield uncertainty does not have any influence on the stockout probability during the replenishment lead time since there is only a shift in the period when the order is placed.
Thus, the equation of the safety stock and the reorder point are as the same as in the (rk, Q) policy without the yield uncertainty: 
Impact of the lead time uncertainty
Since we use a sequential approach to determine the parameters of the policy, the optimal ordered quantity is independent of the lead time uncertainty.
However, under the lead-time time uncertainty, at each period k the equation of the reorder point rk changes. This equation may be solved by using, for example, an algorithm of dichotomy.
Proof.
The reorder point rk is computed such as:
Since the lead time L has a discrete probability distribution. By using the Total Probability Theorem and equation (1) Thus, the reorder point rk is given by:
5 PiFD Lj+ l(rk) = CSL Hence, at each period k, the reorder point rk can be computed numerically by solving this last equation.
Optimal parameters under demand, yield and lead time uncertainties
The impact of these uncertainties on the (rk, Q) Policy are studied separately in Section 3.1 and 3.2. In this Section, we give the optimal parameters of the (rk, Q) policy by considering the demand, yield and lead time uncertainties simultaneously. We assume that uncertainties are relatively small. The result is given by using a sequential approach to satisfy a target cycle service level CSL.
The reorder point rk can be computed numerically by resolving the equation: 
THE (rk, Q) POLICY UNDER A FILL RATE SERVICE LEVEL CONSTRAINT
In Section 3, a cycle service level approach is used, under three types of uncertainties, to determine the reorder point.
In this section, we are interested in a fill rate service level approach, and we consider only a forecast demand uncertainty.
Recall that the cycle service level may be defined as the probability to not have a stockout during a cycle (a cycle is defined as the period between two successive orders). The fill rate is the proportion of demand satisfied directly by the available stock [8] .
Let us give a simple example to explain the difference between the cycle service level and the fill rate. We consider the Tab 1. which shows the ordered quantities and the stockout over 10 forecast periods.
In this case, the fraction of periods without stockout is 8/10, thus a cycle service level of 80 % is satisfied. 1  180  0  2  75  0  3  235  45  4  140  0  5  180  0  6  200  10  7  150  0  8  90  0  9  160  0  10  40  0  Total  1450  55 So, our aim in this section is to compute the reorder point rk necessary to satisfy the target fill rate at each period k.
Let Fr denotes the target fill rate, n(rk) the average number of stockout during a cycle, and SSk the safety stock.
Proposition.
The optimal safety stock Ssk can be computed numerically by solving the equation:
The optimal reorder point rk is then given by: At each period k, the fill rate is defined as follows:
n(rk) Average demand during a cycle As shown in Fig 4, 
CONCLUSIONS
In this paper, we studied the (rk, Q) policy under demand, yield and lead time uncertainties. A sequential approach is considered and a cycle service level is used to compute the optimal parameters of this policy. We provided good approximations of the optimal parameters of the (rk, Q) policy for small values of the variability of uncertainties. We showed that, under the yield uncertainty, there is only an impact on the ordered quantity, however, the reorder point does not change. We also showed that, under the lead time uncertainty, the reorder point changes and it can be computed numerically.
In the second part of the paper, we briefly explained the difference between the cycle service level and the fill rate. Then, we determined the optimal parameters of the (rk, Q) policy using a sequential approach under a fill rate service level constraint. In this part, only the demand uncertainty is considered.
In the future, it would be interesting to develop this analysis by studying the behavior of the optimal parameters for high Inventory level values of the variability of uncertainties. More work could also be done to conduct the same study provided in this paper for other inventory control policies such as the orderup-to-level policies. Another interesting further research consists in developing the optimal parameters of the (rk, Q) policy for a fill rate service level under demand, yield and lead time uncertainties.
